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Aqueous rechargeable sodium-ion batteries so-called 'seawater batteries' have considered as one of 
the alternative batteries instead of LIBs due to abundance of Na resources in seawater. The seawater 
batteries consist of Na metal anode, organic and solid electrolytes, a seawater as a catholyte, and a 
carbon felt current collector. Among them, the NASICON (Na Super Ioninc CONductor) solid 
electrolyte plays a significant role to separate sodium metal and seawater physically and to transfer 
Na+ ions from the seawater side to the anodes selectively. In this regards, the NASICON should be 
physically and chemically stable inside seawater, especially during the electrochemical reactions. 
Due to the use of seawater as a catholyte, the NASICON electrolyte always contacts with seawater. 
However, the NASICON is known to be unstable in a aqueous media that becomes another significant 
concern for seawater batteries. Furthermore, the lasting interaction with seawater may occur the side 
reactions, such as cation exchange of hydronium (H3O
+) and Na+ ions and the minor phase dissolution 
even without the battery operation. To utilize the NASICON as a proper solid electrolyte, I have 
deeply investigated the physical interaction with distilled water and seawater based on the immersion 
tests for detection of minor phase dissolution, such as silicates and phosphates. 
Based on the theoretical electrochemical reactions, the discharge process has a reaction potential of 
3.11V vs. Na+/Na. However, the current technology offers only the discharge potential of 2.7V. To 
enhance the discharge potential, I have demonstrated the simple coating method on the carbon felt, 
resulting in the increase of the reaction potential to 2.83V, which is 31% higher improvement 
compared to the previous method. 
The redox reaction of seawater generates the by-products of HCl and NaOH according to the 
possible thermodynamics. For the viewpoint of the solid electrolyte, the concentration of HCl or 
NaOH can differ on the surface of the NASICON, which might degrade the stability of the NASICON 
during charging and discharging, especially at higher current densities. For this reason, I have 
investigated the stability of the NASICONs with different current densities and pHs of seawater to 
examine the degradation factors. 
The in-situ liquid TEM analysis is one of the best techniques to understand the chemical degradation 
of materials in liquid environment. Here, I have made Si wafer based membrane chips to observe the 
NASICON-contained liquid cells for the comparison of the degradation in D.I and seawater. For the 
design of the membrane, I have developed photomasks to resolve the undercutting problems and 
liquid cell zigs for alignment of liquid cell assembly and leakage problems. The simple designed 
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1. Research background 
 
 1.1 Sodium-Ion Batteries 
 
 As the concerns about the environmental issue have increased with unusual weathers by consuming 
fossil fuel, the needs of the new renewable energies with eco-friend resources are dramatically 
raised.1-3 Most of the countries in the world have been focusing on the generation of energies with 
unlimited and nonpolluting sources such as wind, solar, geothermal and wave energies. 
However, all of the renewable energies need the Energy Storage System (ESS) system. They are 
uncontrollable and may be generated when / where there are no demands. For example, solar power 
can be fluctuated with shining days and cloudy weathers and be maximum during light-shining days. 
The wind power must be generated in windy regions and at unpredictable time. And renewable 
energies disappear in a very short time as soon as it was created. Therefore, renewable energies 
generated by eco-friend resources have to be stored4 with a variety of forms of physical, chemical or 
electrochemical shapes. ESS can offer the applicable electrical energies regardless of whether the 
generation of energies is unpredictable and unreliable. 
As people have wanted to save the renewable and temporary energies, they tried to store the 
electrical power in battery systems with electrochemical reactions. They have developed primary 
batteries such as alkaline and mercury batteries. Once the reactive materials consumed, however, they 
could not electrically recharge any more. People have attempted to develop the battery systems that 
can repeatedly save the electrical power.  
Among many kinds of the secondary batteries such as lead-acid, Ni-Cd, Nickel ion batteries etc, Li-
ion based batteries (LIBs) have attracted with the greatest electrochemical potential, high ratio of 
energy to weight and good cycling life. Today, LIBs could be found in the most of portable electronic 
devices because it can give electric devices higher volumetric and gravimetric energies (600-650Wh/l 
for a typical cylindrical 18650 cell5) than conventional batteries. 
However, there are so many doubts that advanced lithium-ion batteries will be able to meet the 
demands of energies for the use of electrified societies6. In terms of only amounts of the requirement 
of EV market, Chen et al prospected7 that accumulative sales market of EV will be achieved 1.8 
billion by 2060. They mentioned that the exploding EV market would not be satisfied with only 
lithium ion batteries and people should commercialize the next-generation batteries such as Li-S, Li-
air, Zn-air and fuel cells. Energy Storage Council8 predicted that there will be many technologies (not 
LIBs but also mechanical, thermal, chemical energy storage systems) to gratify the needs of energy 
storages for electrified societies. Keeping this trend, many scientists have been exploring next-
generation battery systems. 
Among many kinds of secondary batteries, Na-based ion batteries (NIBs) have been considered as 
promising technologies and alternatives instead of LIBs9. Because Na-based ion batteries have many 
advantages such as low costs, easy accessibilities, the sufficiency of Na ions and suitable redox 
potential ( 5 to provide energy densities. With these advantages, 
Nowadays, the number of publications and patents has been dramatically increased from 2010s11 (fig 
1).  
Figure 1. The number of annual scientific publications and patents about SIBs11.  
 
 The most critical reason for researching the SIBs is the unlimited amount of Na sources in the 
world. Sodium ions are easily obtained on Earth with various forms of Na2CO3, Na2SO4 of salts and 
from seawater containing NaCl11-13. In particular, the seawater is one of the most abundant resources 
of Na ions on Earth covering roughly 78% of the earth0 surface. If we able to extract Na ions from 
seawater with extremely low cost and use the seawater as resources of SIBs, we don’t have to worry 
about the limitation of resources. 
Figure 2. The diagrams representing concentrations of various salts in seawater. 
 
As the most abundant resources of Na ions on Earth, the seawater contains a variety of salts and ions. 
The major salts of the seawater are sodium (0.469mol/kg) and chloride (0.546mol/kg)14 (fig 2). Kim et 
al has tried to utilize the seawater as a battery operating resource15-18. They have suggested the hybrid 
Na-air battery systems using the natural seawater (So-called ‘Seawater Batteries’) served as active 
cathode species. They simply designed the coin cell types of hybrid Na-air batteries and flow tester 
zig for the circulation of seawater. (Fig 3)19.  
Figure 3. The components schemes of seawater batteries coin cells and the seawater flow zig19. 
 
 As the natural seawater takes on a role of active materials for the cathode in seawater batteries, the 
amount of cathodic materials would be unlimited. The prices of fabrication are very cheap because 
there are no needs of application of expensive cathode substances such as LCO, NCM, NCA. So it 
could be assembled in large-scale and cathode free batteries. Seawater batteries also have a great 















1.2 Operating principle of aqueous rechargeable sodium-ion batteries 
 
 
Figure 4. The schemes of seawater batteries during charging (left) and discharging (right) 
 
 Fig 4 shows the scheme of seawater batteries system during charge/discharge. Seawater batteries are 
composed of solid electrolyte (NASICON, Na Super Ion CONductor Na3Zr2Si2PO12) to transport the 
Na+ ions, Na metal anode contacted with Ni mesh current collector and seawater that plays a role of 
the cathode. The non-aqueous organic electrolytes (1M NaCF3SO3 in Tetra-Ethylene Glycol Dimethyl 
Ether, TEGDME) are surrounding to protect the Na metal anode from the seawater. The carbon felt 
acts as the current collector of the cathode. The circulation system of seawater (Fig 3) should be 
needed to show seawater batteries high voltage performance without the congestion of by-products 
while charging/discharging. It means that it is important to refresh the by-products such as HCl, 
NaOH to new reactants7. 
 
The basic operation principles16,23 of the seawater batteries are the redox reactions of Na+ ions at 
each of electrodes and the evolution or reduction reactions of O2, Cl2, and H2O in seawater. 
During charge process, Na+ ions from seawater are moved to Na metal anode through the solid and 
organic electrolyte. Na+ ions are reduced at Na metal (  attached with Ni 
mesh current collector. Oxygen gas is generated by the oxidation of H2O (
, Oxygen Evolution Reaction; OER) or chlorine gas would be evolved by the 
reduction of Cl- ions ( , Chlorine Evolution Reaction; CER) 
in seawater. In principle, the oxygen evolution reactions are thermodynamically easier than the 
generation of chlorine gas. We can expect that only OER would occur in seawater at carbon felt. 
According to the Pour-baix diagram (the relations of potential and pH value diagram), however, 
chlorine evolution reactions also could happen depending on the pH value of natural seawater7. 
 
During the discharge process, Na metal anode is oxidized to Na+ ions that were transported into 
seawater through the NASICON and organic electrolyte. Oxygen gas reduced 
( , Oxygen Reduction Reaction; ORR) from air to seawater 
or H2 gas should be generated (  Hydrogen Evolution 
Reaction; HER) from seawater. As the discharge voltage of ORR reactions is theoretically higher than 
that of HER, we have to promote the dissolution of oxygen gas from air to seawater with flow system 




1.3 The research necessities of the solid electrolytes 
 
The every component of batteries was degraded by electrochemical reactions. The capacity of 
graphite anode in LIBs would lower after 1st cycle due to the irreversible Li trapping at the 
complicated interstitial sites of the graphite. In terms of cathode materials, the capacity fading 
problems have occurred due to the dissolution of materials29, structural damages and the charges of 
active materials30. The amount of organic electrolyte of batteries would be getting decreased with the 
formation of SEI layer on the graphite. The short of the Li+ ions in organic electrolyte caused the 
capacity fading of LIBs31.  
 There should be also deteriorations of seawater batteries’ components such as carbon felt current 
collector, organic electrolytes and the solid electrolyte. Kim et al emphasized that the performance of 
the seater batteries was dependent with stability of the solid electrolyte during electrochemical 
process15-22. They reported that there was a drastic drop to 10mAh/g of discharge capacity when beta-
alumina used as solid electrolyte20. The beta-alumina was unstable with water that allows the 
penetration of hydronium ions through the conduction plane of solid electrolyte and impaired the 
seawater batteries. 
 
In terms of structural characteristics of seawater batteries systems, the solid electrolyte has served as 
separator with organic electrolyte and seawater, and ions pathway of Na+ between anode and cathode 
(fig 4). Separator is the membrane to physically separate the cathode and anode material. The main 
function of separator is to prevent the physical contact with cathode of seawater and anode of Na 
metal24. Electrolyte plays also important role in selectively transporting the positive Na+ ions between 
the cathode and anode. The fast and stable transference of Na+ ions is also the essential characteristic 
of a solid electrolyte. Solid electrolyte should have a good mechanical strength, high ionic 
conductivity, wide electrochemical window against the oxidation/reduction conditions and chemical / 
physical stability with seawater and organic electrolyte. 
 
Many researchers have tried to examine the stability of the NASICON type ceramic in water. Most 
of them mentioned that the immersion of ceramic in the water resulted in the bad results such as 
weakness, low ionic conductivity, generation of hydronium NASICON and minor phase dissolution32-
36. So, the NASICON pellet in seawater batteries would be naturally weaker or degraded even there 
were no electrochemical reactions. I simply immersed the NASICON pellets into the seawater and D.I 
water for a long time. I have been focusing on the direct influences of the D.I water and seawater on 
the NASICON. 
In addition, I already know by-products of HCl and NaOH were generated when the seawater 
batteries are being charged or discharged16. There are also needs of additional experiments for 
immersing the NASICON in pH adjusted seawater and D.I water. 
 
The seawater batteries have characteristics of Na-air batteries needed OER ORR process. The one 
method of the voltage improvements of seawater batteries is shifting the reactions to oxygen reduction 
reactions. The ideal discharge voltage is theoretically 3.11V when all of oxygen molecules reduced. 
Many researchers have tried to facilitate the ORR process with PtAu nanoparticles applied as a 
catalysts37 and platinum monolayer was effective to oxygen reduction reactions38.  
I tried to activate the OER/ORR process of seawater batteries by simply coating the platinum on the 
NASICON or carbon current collector. If the simple coating of platinum would be effective and well 
adhesive, there were no necessities of complicated synthesis methods to make composites or 
compounds. 
 
 There were no researches about the degradation of the NASICON after the seawater batteries were 
charged and discharged. I assumed that there should be the degradation of the NASICON on the 
surface during Galvano-static electrochemical process. I charged or discharged the seawater batteries 
with different current densities and pH adjusted seawater as a catholyte. The NASICON surface and 
cross-section were observed to confirm whether there would be degradation or not and which process 
could damage the NASICON. 
Furthermore, as carbon felt of a current collector directly contacted with the NASICON, I analyzed 
the influence of contact of the NASICON with the carbon felt. 
 
In addition, I tried to fabricate the Si wafer based membrane chips for in-situ liquid TEM 
observation in order to scope the structural degradation of the NASICON in the liquid environment. 
As the NASICON of seawater batteries contacted with the seawater during charge / discharge, TEM 
analysis of solid electrolyte in high vacuum environment is not applicable for the NASICON. The 
liquid environmental TEM analysis is essential for observation of the NASICON degradation in 
natural contact with aqueous media. 
 
Before we revealed the degradation of the NASICON, we clearly need to confirm characteristics of 
the NASICON itself in order to compare with pristine NASICON and treated NASICON. Then we 
are able to infer that which one would have an impact on the degradation of the NASICON. So I 
analyzed the characteristics of the NASICON pellet itself with a variety of equipment such as TEM, 





























2. Characterization of the solid electrolyte in seawater batteries 
 
2.1 Characteristic analysis of the NASICON 
 
One of the promising solid electrolytes for Na+ ions migration is the NASICON(Na Super Ionic 
CONductor, Na1+xZr2P3-xSixO12 (0≤x≤3)). Hong and Goodenough et al. suggested the framework 
structure to develop the solid electrolytes for the fast alkali-ion transport in 197625.  
 




The NASICON is composed of 3D linked network structure with oxidized compounds such as ZrO6 
octahedral and PO4 or SiO4 tetrahedral (Fig 5). The oxygen corners of silicate or phosphate tetrahedral 
structures shared with six oxygen molecules of ZrO6 octahedral structure. It means that each 
tetrahedral and octahedral component is linked by oxygen molecules. In this way, the infinite loops of 
structures are formed along the c-xis. 
The basic mechanism of transportation of Na+ ions is the migration of Na+ ions through 3D structure 
holes designated “bottlenecks” of the structure. The bottleneck area is interstitial sites between ZrO6 
octahedral and Si(P)O4 tetrahedral structure
26. As Na+ ions migrate through the bottleneck sites with 
small activation energy (hopping mechanism), the energy barrier of Na+ ions diffusion would be 
influenced by the size of the bottleneck area27.  
Depending on the ratio of the NASICON components (Na1+xZr2P3-xSixO12. Range: 1.8<x<2.4), the 
NASICON show different unit cells volume (table 1)25. The lowest ionic resistivity was represented at 
around x=2 with maximum value of c-axis28 having monoclinic of space group. This means that the 
components are able to have serious impacts on the size of bottleneck and ionic conductivity. 
 











Figure 6. SEM images of the NASICON pellet surface. a, b) Before polishing. c, d) After polishing 
with sand paper. e, f) The cross section of the NASICON. 
 
I observed the surface of the NASICON pellets with Scanning Electron Microscope (S-4800, 
HITACHI, Japan) basic equipment for the solid materials analysis. Fig 6 shows the SEM images of 
the non-polished NASICON surface (Fig 6 a, b) and polished (fig 6 c, d). Unevenness of pristine 
NASICON pellet was grinded (polished) by sandpaper. Both of them have many small or big pores. 
The clear rectangular shapes of NASICON main phase aggregated at the surface or the pores.  
Fig 6 e, f show the SEM images of the NASICON cross section. The cross section was just broken 
with tweezers or small nippers. The cross section wasn’t polished with sandpaper. There are many 
small or big pores at the surface same as non-polished and polished NASICON images (Fig 6 a b). 
The NASICON main phase rectangular shape congregated in the pores but not at the surface of cross 
section.  
 
Figure 7. The cross sectional images of NASICON after ion-milled. a) SEM image of SE (Secondary 
Electrons) mode. b) SEM image of BSE (Back Scattered Electrons) mode. 
 
Fig 7 represents the SEM images of SE (Secondary Electrons) and BSE(Back Scattered Electrons) 
mode after the ion-milled NASICON. The SEM BSE mode and EDS mapping analysis were 
conducted with Verios XHR SEM (Thermo Fisher Scientific, USA). The surface is much flatter than 
the non-ion milled sample comparing with Fig 6. But it was still hard to distinguish the grain 
boundaries of the NASICON with SEM SE mode. The BSE image was much clearer to recognize the 
grain boundaries of the NASICON (The NASICON main phase, Zr and Si rich phase) and pores 
thanks to the clear difference of shade. 
 
Figure 8. The BSE images of the ion-milled NASICON cross section and EDS mapping data. 
 
 It was easy to divide the grain boundaries of the NASICON between the main phase (gray) and 
minor phase (white and dark gray) with BSE mode and EDS mapping (Fig 8). All of elements 
comprising the NASICON pellet such as Na, Si, Zr, O were distributed through the entire area. In 
particular, Zr rich phases (ZrO2) positioned at the NASICON main phase with spherical shape of raw 
materials. Si rich phase is filled up the space between the NASICON main phases. 
Because the NASICON main phase plays an important role to migrate the Na+ ions from the Na 
metal to seawater in seawater battery and vice versa, the non-ionic conductivity of Zr and Si rich 
phase could be obstacle for the migration of the Na+ ions. 
Figure 9. a, b, c) The SEM SE mode images of the damaging NASICON. d, e, f) The BSE mode 
images of the damaging NASICON after ion milled. 
 
Figure 10. The SEM-EDS analysis of the eruption parts due to the continuous E-beam exposure on the 
NASICON surface.  
 
 
 Fig 9 shows the degradation of the NASICON caused by the electron beam of high intensity while 
observing the surface of the NASICON with SEM. The NASICON main phase is broken and split in a 
few minutes and some of materials are erupted from the NASICON (Fig 9) due to the continuous 
exposure of E-beam. The eruption was getting bigger and rising up from the surface as time goes by. I 
analyzed eruption parts with EDS mapping and checked that the main components were Na elements 
(Fig 10). In particular, I could observe that the eruption mainly happened at the grain boundaries 
between main and minor phase of the NASICON (Fig 9 d, e, f). It means that the NASICON main 
phase was stable with E-beam, however, the grain boundaries of the NASICON were very unstable. 
 
 Figure 11. The EDS analysis with pores, main and minor phases of the ion-milled NASICON 
 
 The eruption part of Na rich phase especially focused in the pores (Fig 11) after Ar ions polished the 
NASICON cross section. The shape of the Na rich phase at pores was similar with the eruption part 
shown Fig 10. As the grain boundaries of NASICON main phase were concentrated in the pores as 
shown in Fig 6 f. it could be concluded that grain boundaries of the NASICON main phase were very 










 Figure 12. The EDS graph analysis of each part. 
 
 Table 2. The table of EDS quantitative analysis of each part.  
 
 The concentration of the Na ions of eruption site (red dot box) at the pore shows the highest peak of 
Na of atomic 38%. The NASICON main phase (orange dot box) has a reasonable composition with 
molecular formula. And each of Zr and Si rich phase (sky blue and white dot box, respectively) 
features the highest peaks and atomic % of Zr and Si. Some of Al elements detected due to the SEM 









I also analyzed the NASICON pellets with Tecnai G2 F20 X-twin Transmission Electron 
Microscopy (FEI, USA) to closely observe the NASICON structure. The NASICON pellet was cut to 
a sheet of the specimen with Helios NanoLab 450 Focused Ion Beam (FEI, USA) to make the 
electrons transmit through the NASICON specimen in the TEM. 
 
Figure 13. The TEM images of the NASICON after FIB treatment. a) There are three phase of the 
NASICON. The NASICON main phase; dark gray,  Zr rich phase; dark,  Si rich phase; white gray. 
b, d) The high magnification images of the NASICON and Zr rich phase. c, e) The diffraction patterns 
of the NASICON and Zr rich phase. 
 
Fig 13 a shows the low magnification image of TEM after FIB treated. There were also three 
NASICON types, NASICON main phase (dark gray), Zr rich phase (dark circle) and Si rich phase 
(white gray). The NASICON main phase (red dot box of Fig 13 a) had polycrystalline structures with 
randomly distributed orientations (Fig 13 b) supporting the diffraction patterns (Fig13 c). The distance 
of between atoms of polycrystalline structures was about 2.9Å (Fig 13 c inset). The round-shaped Zr 
rich phase was positioned at interstitial sites of the NASICON main phase as same confirmed with the 
SEM images (Fig 13 a, Fig 8). The high magnification images and diffraction patterns (Fig 13 d, e) 




Figure 14. The TEM images and EDS map of Zr rich phase a) and Si rich phase b). 
 
 EDS mapping data indicated that the round shapes at interstitial sites were Zr rich phases (dark gray) 
which were not synthesized from raw materials ZrO2. The Si rich phase (white gray) was filled 







I analyzed physical characteristics of the NASICON with hardness tester (Vickers’). As the 
NASICON physically separated the Na metal and seawater, It should have strong physical 
characteristics such as strength, tension and hardness. Among the many physical characteristics, I 
measured the hardness factor to show the stability of the NASICON as a solid electrolyte in the 
seawater batteries. Plus, strength test with bending and tension will have to be measured not just only 
hardness tests in a few days. 
The general ways to measure the hardness of the solid materials is scratch, rebound and indentation. 
As the scratch and rebound methods analyze the fracture with friction, however, it was not suitable to 
measure the physical stability of the solid electrolyte. The resistance of scratch and abrasion of 
friction due to external impurities was meaningless in seawater battery system. 
The indentation method measures the resistivity of material deformation with constant pressure or 
forces, it could be one of the vital factors in batteries. For example, the Li metal dendrite would be 
depressed due to high shear modulus of solid electrolyte which was more than twice of Li metal 
growth pressure (4.25 GPa)39. Although this experiment was not for measurement of the NASICON 
physical stabilities against the Na dendrite growth, this factor is very important to be applied for large 
scale of seawater batteries stacks in seawater batteries system.  
There are some of indentation measurement styles such as Rockwell, Vickers, Shore and Brinell. The 
Vickers’ test can be used for all metals and is one of the widest measurement methods. 
 Figure 15. The scheme of how the Vickers’ indentation hardness a) Diamond indenter pressed the 
samples. b) Indentation mark on the sample after press. 
 
The principle of Vickers’ indentation is to calculate the morphological relations between the shapes 
of indenter (Diamond) and that of indented marks. The marks were indented on the specimen with 
rectangular shapes with diagonal lengths (d1 and d2 in Fig 15 b). The important thing is that the 
indented marks should be well-defined to distinguish the edge of the marks.  
 Fig 15 shows the scheme of the Vickers’ hardness test. The Diamond indenter pressed the sample 
with enough power/forces to make marks on the specimen. The indented marks should have clear 
rectangular shapes to help observers find out the diagonal length (d1 and d2 in Fig 15 b). According to 
the calculation methods of Vickers’ hardness could be defined as  
 
 
where F is the indenter force with kgf unit and d is average length of diagonal lengths d1 d2 with 
millimeters unit. The unit of Vickers’ indentation test is Vickers Pyramid Number (HV) or Diamond 
Pyramid Hardness (DPH). 
 
 There were needs to optimize the forces and time conditions for clear impression on the NASICON. 
The Vickers’ hardness tester was Tukon 2100B (Bergen, Wilson Instruments). The optimized 
condition was 3kgf of indenter force and 40sec of indentation times. There were 36 points of 
indentation marks with 6x6 0.5mm gap between each point. 
 Figure 16. Observation of the indented mark. a) Vickers’ optical microscopy image. b) SEM image. 
c) Optical microscopy after Pt coated on the NASICON. 
 
Many microscopies were tried to accurately measure the length of d1 and d2. Fig 16 represents 
impression images captured by OM in Vickers’ hardness tester, SEM and OM. I couldn’t exactly 
define the length of d1 and d2 with Vickers’ OM and SEM images because the edge of indentation 
was not sharp. The standard deviation was severely fluctuated when I calculated the hardness with a 
base on those pictures. As shown in Fig 16 c, however, I easily recognized the edge of the diamond 
shapes and measured the diagonal lengths of d1 and d2 after Pt coating on the NASICON pellet. I set 
the calculating conditions with Image J program and calculated the indentation hardness of the 
pristine NASICON pellet. The value of the indentation hardness was 331.71 (3HV).  
 
 As the seawater batteries are electrochemically operating with many components such as anode, 
cathode, solid and organic electrolyte, it is important to set the electrochemical characteristics of the 
NASICON in battery operating system. The electrochemical characteristics of the NASICON defined 
with fundamental equipment such as EIS (Electrochemical Impedance Spectroscopy), LSV (Linear 
Sweep Voltammetry). 
 
Figure 17. Electrochemical results of the pristine NASICON. a) The Nyquist plot. b) The Linear 
Sweep Voltammetry graph. 
 
The impedance was measured with a SP-200 (Biologic Science Instruments, French) by coating the 
Pt electrode on the NASICON. The impedance of the pristine NASICON could be transformed to 
ionic conductivity by this formula 
 
 
Where  is 230.19(Fig17 a), thickness of the NASICON is 0.08cm, the area of Pt electrode is 
1.5386  . Ionic conductivity could derive to . 
 
The identification of voltage window is important characteristic to find out the electrochemical 
stability of the NASICON used in the seawater batteries. The LSV (Linear Sweep Voltammetry) was 
conducted (Fig17 b) with same equipment for impedance. The 2032 coin cells tested for LIBs were 
used for measurement of LSV, because the LSV data could include the results of seawater and 
batteries reactions without the NASICON properties itself. 
The NASICON was stable with high oxidative or reductive environment from -1V to 10V. It means 
that the NASICON would not be influenced with high or low voltage itself during charge and 
discharge of seawater batteries. The NASICON cross section morphology was not changed after LSV 
test.  
 
XRD (X-ray diffraction) was used for deciding the atomic and molecular structure of all materials 
ranging from liquids to crystals and powders. We can get new information of the materials such as 
crystallinity and unit cell dimension. So, XRD is basic and fundamental equipment for analysis of the 
solid materials, especially in the case of the NASICON.  
Figure 18. The XRD patterns of the pristine NASICON pellet. 
 
Fig 18 represents the XRD patterns of the pristine NASICON pellet. The peaks were detected by 
normal XRD D8 ADVANCE (Bruker AXS, USA). Almost peaks of the pristine NASICON pellets 
are correspond with the reference rods of the NASICON and ZrO2. There were also minor peaks in 
the NASICON main phases at 28.1o and 31.49o where the peaks confirmed as ZrO2 baddelyte. The 
ZrO2 grains put in the NASICON main phase with crystalline structure. The Si rich silica phase 







 I analyzed the surface characteristics of the NASICON pellet with XPS (X-ray Photoelectron 
Spectroscopy) equipment, K-alpha (Thermo fisher, USA) which afford to measure the elemental 
composition, chemical state and electronic state of the material surface. The meaningful peaks and 
quantities of the NASICON pellet surface were analyzed. The XPS data included composition results 
within 1~10nm depth from the surface. 
Figure 19. XPS survey spectra with elements’ information of the pristine NASICON. a) Surface non-
etched NASICON. b) Surface etched NASICON 
 
 Fig. 19 shows the XPS survey graphs of the NASICON pellet before etched and after etched. I found 
many peaks comprising the NASICON main phase such as Na 1s, P 2p, Zr 3d, Si 2p, O 1s etc. But 
there was a C1 s peak (blue dot circle) that is naturally generated by adsorption of the carbon 
composition of CO2 at the NASICON surface. 
 
Fig 19 b is that of the surface etched pristine NASICON. Argon gas etched the surface to remove the 
carbon components. C 1s film peeled by the etching gas and the carbon peak is disappeared while 
other peaks of components are still clear. 
Table 3. The quantitative values of each element of the NASICON surface (surface non-etched, 
carbon etched).  
 
Table 3 is the results of the quantitative analysis of the XPS on the NASICON surface. I found out 
that the naturally generated C1 s components occupied a considerable portion of atomic % over 15% 
and impacted on other components.  
 
Figure 20. a) C1s XPS spectra of surface non-etched NASICON and etched NASICON. b) The 
deconvolution analysis of the C1s peak (non-etched NASICON). 
 
Fig 20 a shows the C1s specific spectrums of non-etched NASICON surface and etched NASICON 
surface. The carbon compositions on the NASICON peeled by argon sputtering (Fig 20 a blue line). 
Sputter cleaning didn’t impact on the chemical reactions with the surface of the NASICON40.  
Fig 20 b is the deconvolution graph of the C 1s peak for the carbon non-etched NASICON. C 1s 
peaks were overlapped with many peaks such as C-C, C-O-C, O-C=O peaks. Overlapped peaks was 
classified to each peaks such as C-C peak at the 284eV binding energy, C-O-C peak at the 285.4eV 
and O-C=O peak at the 287.6eV. It corresponded with the principle of the XPS that measure the 
kinetic energy decided by difference between energies of incident X-ray photons and binding energies
of electrons derived from the sample. 
 
Figure 21. XPS specific spectrums of other elements before surface etching (red lines), after surface 
etching (blue lines). 
 
 As C1s peaks were removed by Ar sputtering for the surface cleaning, Na 1s peak could serve as a 
reference of the survey peaks when analyzing the peaks shifts. Each binding energy was defined with 
middle value of x-intercept of FWHM (Full Width at Half Maximum). Each binding energy was 
differently increased after etched that Zr 3d 3/2 and 3d 5/2 peaks shifted from 183.7 and 181.5 eV to 
184.9 and 182.7eV in etched NASICON, O 1s peaks moved from 530eV to 531.2eV, P 2p at 132.3eV 
to 133.6 and Si 2p peaks went from 100.5eV to 102.2eV respectively. The gap of Si 2p peak shifts 
was the largest with 1.7eV move to stronger binding energy. When considering the etched NASICON 
of the original sample, the binding energies of each element were decreased with generation of carbon 





 Moreover, The TOF-SIMS (Time Of Flight Secondary Ion Mass Spectrometry) gave the detailed 
elemental information of the surface. The P and PO+ elements detected with sensitive surface analyzer. 
P and PO+ elements were hard to be detected with EDS equipment due to the overlap of peaks with 
Zr element. 
 
Figure 22. The TOF-SIMS maps of positive mode. 
 
 Fig 22 shows the TOF-SIMS mapping analysis of the pristine NASICON for each elements Na+, Si+, 
P+ and PO+ in the positive detection mode. All of the elements were distributed evenly through the 
surface of the NASICON. I could clearly detect the existence of P+ and PO+ with positive mode. The 













2.2. Immersion test of the electrolyte in the seawater & D.I water 
 
Most of papers about the NASICON stability confirmed that the NASICON reacted with hydronium 
ion component in seawater no matter how they were synthesized such as solid state reaction method, 
colloidal method and sol-gel method41. The side-reaction of the immersed NASICON was classified 
with the generation of the hydronium NASICON and secondary phase dissolution. 
The hydronium NASICON is structurally similar with original NASICON with the same crystal 
structure rhombohedral, thus the hydronium NASICON belongs to the NASICON families. But, the 
lattice parameter of the hydronium NASICON is slightly different with original NASICON having 
shorter a axis about 2% and longer c axis increased by 5%35.  
Figure 23. The XRD references of the pristine NASICON and hydronium NASICON. 
 
Auborn et al suggested that the Na+ ions in the NASICON could be replaced with H3O
+ which plays 
a vital role of NASICON degradation in acidic solutions42. Ahmad et al measured the AC impedance 
of the hydronium NASICON to identify the resistance of grain boundaries34. This main reaction of the 
NASICON might cause the performance deterioration of the seawater batteries. 
As almost of studies about generation of the hydronium NASICON were conducted with the 
NASICON powers34,35, there were no much data available for longer immersion test in the case of the 
NASICON pellets to be applied for the seawater batteries. They immersed the NASICON powders in 
the high temperature D.I water and seawater to accelerate the ionic exchange reactions with H3O
+ and 
Na+ generating the hydronium NASICON. 
However, the seawater batteries were operating in the room temperature seawater, not in hot 
seawater. Therefore, there have been needs of the immersion test of NASICON pellets which can be 
realistically applied for seawater batteries in room temperature D.I water and seawater. I tried to find 
the generation of the hydronium NASICON and proof of minor phase dissolution in room 
temperature.. 
2.2.1 Experimental section 
  
 Immersion of the NASICON pellets 
The NASICON pellets were immersed in sealed seawater and D.I water. The each NASICON pellet 
was immersed in the 70ml of D.I water and seawater. The vials containing the NASICON pellets and 
seawater have to be packed by plastic zip bags to exclude the CO2 dissolution in water, because the 
vial itself couldn’t perfectly seal the air. 
Furthermore, I immersed the NASICON pellets in HCl and NaOH dissolved seawater and D.I water 
to check the influence of each by-product that would produce by electrochemical reactions. 
 
Characterized the solutions and the NASICON 
The D.I water and seawater were characterized using the 700-ES Inductively Coupled Plasma – 
Optical Emission Spectrometry (ICP-OES, Varian, USA) with plasma energy higher than 6000K to 
get a quantitative results. TS-100 pH meter (SUNTEX, TAIWAN) and pH sensor (Sensorex, USA) 
were used to examine the acidity and basicity of the immersing solution. 
 The NASICON was analyzed by the D8 ADVACE XRD equipment (Bruker AXS, USA) to get 
peaks data of hydronium NASICON. The indentation hardness test was conducted with Tukon 2100B 
Vickers’ hardness tester (Wilson Instruments, Norway, Bergen). The number of indented points was 


















2.2.2. Results and discussions 
 
The characterizations of the immersed NASICON 
Figure 24. XRD patterns of the NASICON and references21. a) Immersed NASICON in D.I water 
pH7 (pure D.I). b) Immersed NASICON in D.I water pH5 (pH adjusted D.I). c) Immersed NASICON 
in seawater pH8 (pure seawater) 
 
The NASICON pellets were immersed in pure D.I water with pH7 at room temperature. Fig 24 a 
shows the XRD patterns from 10o to 45o. The new high peaks were not generated with immersion 
time as shown. There slightly was change of the peak ratio of the two neighbored reflections at around 
19o. Change of the peak ratio confirmed the process of the ionic exchange for the generation of 
hydronium NASICON due to the topotactic ionic exchanges between H3O
+ in D.I water and Na+ at 
the NASICON surface20.  
There were slight bulges of the NASICON peak around 18.69o and 30o for the 90days immersion. 
Generated peaks corresponded with hydronium NASICON reference35 meaning the hydronium 
NASICON would slightly generated on the surface. 
 
Fig 24 b shows the case of in pH5 D.I water at room temperature. I dissolved the HCl in D.I water 
and immersed the NASICON pellets to check the sensitivity of H3O
+ ions. I could obviously observe 
the clear bulges of peak around 18.69o and 30o in spite of short immersion time for 45days. These 
peaks were same with peaks for immersion case in D.I water 90days and corresponded with 
hydronium NASICON peaks. I certified that the concentration of hydronium ions in immersed 
solution had an influence of generation of hydronium NASICON.  
 
Fig 24 c represents immersed NASICON pellets in seawater at room temperature. The new peak or 
bulges of hydronium NASICON was not observed for a long time.  
Although I could confirm that the hydronium NASICON peaks was more easily provoked in the D.I 
water than seawater, however, it is hard to conclude that hydronium NASICON was generated by 
H3O
+ ions in D.I water because the pH of D.I water was slightly lower than the seawater. I thought 
that much salt dissolved in seawater than D.I could disturb the ionic exchange reaction of H3O
+ and 
Na+ ions.  
 
Figure 25. The graph of indentation hardness test of immersed NASICON in pristine solution. 
 
Fig 25 shows the plots of indentation hardness values of the NASICON pellets which were 
immersed in pristine D.I and seawater. The D.I and seawater permeated into the NASICON phase 
causing the decrease of surface hardness as the function of immersion time. The hardness values of 
seawater immersion saturated with drastic decrease until immersion 5days, while the NASICON 











 The characteristics of the immersion solution (seawater and D.I water) 
 
Figure 26. The graphs of pH values of immersing solution (seawater & D.I water). a) The pH of pure 
D.I water and pH adjusted D.I water b) The pH of pure seawater and pH adjusted seawater. 
 
Fig 26 shows the pH values of solutions after immersion in the D.I water and seawater. The pH of 
D.I water dramatically increased until 5 immersion days and saturated from 15 days at around pH9. 
However, the pH of seawater started from the pH8 and didn’t show the increase as function of 
immersing time. 
Considering the variations of pH of seawater when the seawater battery is charging / discharging, the 
pH values adjusted for dissolving the HCl, NaOH and by-products in electrochemical process. All of 
pH values of D.I water saturated until immersing 5days at around pH9 regardless initial pH level. It 
means that the ionic medium for pH saturating should dissolve into D.I water until 5days. 
 
On the other hand, the pH of the seawater was stable as a function of immersing time. The pH5 
seawater tended to slightly increase and saturate at pH6. The pH9 seawater was getting decreased like 
pH9 D.I water case. The pH of NaOH dissolved solution continuously decreased in a short moment 
about 5mins. The high pH solution was considerably sensitive with effect of CO2 in the air.  
Although the seawater was weak basic and had stable pH variations as a function of immersion time, 
I cannot surely conclude that the minor phase is more un-dissolvable in seawater. The seawater is 
buffer solution that contains a number of ions and salts making the pH stable. However, the D.I water 




To supplement the data of the minor phase dissolution with not only pH measurement, ICP-OES 
analysis conducted to quantify the dissolved components.  
 
Figure 27. The concentrations of dissolved ions in the immersing solution. 
 
Fig 27 shows the concentration of solutions for dissolved ions from the NASICON pellets to the 
solution as a function of immersion time in the seawater and D.I water. Each of ion concentration 
results was subtracted from the original concentrations of pure solutions. 
Considering the order of concentrations, the amounts of dissolved P+ ions in D.I water were much 
more than that of in seawater. I inferred that the main factor of drastic increases of pH would be P+ 
ions. Because the Na3PO4 of raw materials used to synthesize the NASICON pellet was decomposed 
to PO4
3- generating the OH- in water29, 30.  
Although Si ions much more dissolved out in D.I water than in seawater, the amounts were lower 


















I immersed the synthesized NASICON pellets in the D.I water and seawater in order to analyze the 
stability of solid electrolyte in seawater battery. I confirmed that hydronium NASICON was generated 
on the surface of the NASICON and minor phase was dissolved out from the NASICON when the 
solid electrolytes were immersed in liquid as published in many articles. 
Most of research groups worked with high temperature conditions or powder type of NASICON to 
accelerate the reactions of solid electrolyte and liquid (seawater and D.I water). I considerably thought 
our experiment purpose was the stability of the NASICON which should be applied directly for the 
seawater batteries in room temperature.  
I observed the more clear XRD patterns of hydronium NASICON in the D.I water. In particular, the 
hydronium NASICON was easily generated with lower pH solution. The hydronium NASICON was 
physically weaker than pristine NASICON with Vickers’ hardness test. 
The pH value of D.I water was dramatically increased and saturated within a short time less than 
5days. But that of seawater was steady. However, it was hard to conclude that the minor phase 
wouldn’t be dissolved in seawater because the seawater is buffer solution making the pH of seawater 
stable. So, I precisely measured the concentration of each ions dissolved out from the NASICON with 
ICP-OES.  
I characterized the degradation of the solid electrolyte called NASICON with only immersion tests 
in the seawater and D.I water. As the solid electrolyte should be exposed to the seawater regardless of 
the coin cell or square shape types, the discoveries of the degradation of solid electrolyte is very 
meaningful in terms of developing the stability and high performance of the NASICON. Based on the 
immersion experiments, I thought that there should be much effort to increase the physical properties 
through the substitutions or doping of transition metals of the NASICON during synthesis, coating of 












2.3. Treatment of Platinum for Facilitation of OER/ORR 
 
 As I mentioned about the operating mechanism of the seawater battery system in introduction parts, 
the seawater battery system has characteristics of the rechargeable metal-air battery system with OER 
in charge and ORR in discharge which are key points of electrochemical process. 
Figure 28. The scheme of OER / ORR processes of seawater battery during charge and discharge. 
 
Fig 28 includes the generating or consuming products and reaction equations of each process with 
electric potential difference. In order to improve the voltage performances calculated based on 
theoretical standard reduction potential of each reactant, Oxygen Evolution Reactions (OER, E=3.94V) 
should be more acted at cathode current collector than Chlorine Evolution Reactions (CER, E=4.07V) 
during charge. The Oxygen Reduction Reactions (ORR, E=3.11V) were more encouraged to react 
with seawater than Hydrogen Evolution Reaction (HER, E=1.88V)40. 
In particular, it is more important to improve the maximum discharge voltage than to lower the 
charge voltage in terms of the gains of electrical energies. The noble metals such as Pt, Ru, Ir 
accelerated the OER / ORR process in rechargeable air battery system. Among them, Pt noble metal is 
the best material for stimulating ORR kinetics43-46 because it has the greatest electro-catalytic 
activities to reduce the activation energy for decomposition of oxygen. Kim et al synthesized the Pt/C 
composite served as cathode current collector and achieved higher discharge voltages ~0.5V of 
seawater batteries47. Thomas et al compared the electrochemical efficiency of OER / ORR with 
carbon-noble metal composite such as Ir/C, Ru/C, Pt/C46. 
However, it was hard to synthesize the composite materials with Pt and carbon. Instead of blending 
Pt noble metal and carbon felt, I tried to agglomerate the Pt film coated on the NASICON to seeds by 
annealing at 550oC. Furthermore, I attempted to reduce the voltage gap between charge and discharge 





























2.3.1 Experimental section 
 
Pt coating on the NASICON & carbon felt 
Hitachi Sputter (E-1045, Hitachi, Japan) coated the Pt metal on the NASICON one side and carbon 
felt. The Pt sputtering time was 30s, 60s, 90s, 120 seconds. Also I sputtered the Pt metal on the carbon 
felt for 60 120sec. 
 
The heat treatment of the Pt coated NASICON 
The Pt sputtered NASICON was annealed in the muffle furnace (DAIHAN LabTech, Korea). In 
order to agglomerate the seeds, The Pt sputtered NASICON was sintered at 550oC for 1 hour on 10ml 
alumina crucible. 
 
Assembly of coin cells for seawater batteries (Fig.3) 
The NASICON solid electrolyte membrane was attached to the open round cap made of 
polypropylene with hot meld adhesive (called upper cap). The platinum treated side of the NASICON 
should face to open round cap (seawater side). Na metal (99.9% Sigma Aldrich 483745) was smashed 
and flattened like thin foil. Na metal foil was punched with a diameter of 16mm and adhered to round 
Ni mesh of spacer in glove box. 
Non-aqueous electrolyte was prepared by mixing tetra-ethylene glycol dimethyl-ether (TEGDME, 
Sigma Aldrich 172405) and 1.0M sodium tri-fluoro methane sulfonate (NaCF3SO3, Sigma Aldrich 
172405). Polyethylene separators were cut with a diameter of 19mm, which have 16um of thickness 
(Celgard). A sheet of polyethylene separator was inserted in the Na metal attached parts and upper cap. 
Prepared 20ul of non-aqueous electrolyte was injected into the PE-separator. Bottom cap contained 
the Na metal parts and separator were soaked with non-aqueous electrolyte and spring. Finally, the 
upper cap and bottom cap were sealed by pressure machine. 
 
Electrochemical tests of seawater batteries 
A flow-cell tester (4TOONE Energy. Cop. Ltd) was used as circulation system of seawater. 
Galvano-static electrochemical reactions were conducted with a WBCS3000 (Wonatech, Korea) 
battery tester equipment. The natural seawater was gathered at Ilsan beach, Ulsan, Korea and filtered 
with ceramics for physical impurities which are able to damage on the solid electrolyte.  
For checking the voltage curves of coin cells of Pt film agglomerated NASICON, The first three 
cycles conducted with constant current density 0.15mA/cm-2 and magnified to 0.375mA/cm-2 to get 
around 1mW power of coin cells.  
The 0.15mA/cm-2 forced between anode and cathode that Pt coated on carbon felt. Each charge / 
discharge was conducted for 5h and reacted at room temperature. 
Observations 
The high magnification images were scanned with S-4800 Scanning Electron Microscope 


































2.3.2 Results and discussions 
 
Figure 29. The SEM images of heat-treated NASICON pellets for 1hour at 550oC after Pt sputtering. 
a) Pt sputtering for 30sec. b) Pt sputtering for 60sec. c) Pt sputtering for 90sec. d) Pt sputtering for 
120sec. 
 
Fig 29 describes the SEM images of heat-treated NASICON for 1h at 550oC annealing temperature 
after Pt coating for 30s 60s 90s 120s. Pt metal film was conglomerated to seed shapes on the surface 
of the NASICON after 550oC 1h heat treatment (Fig 29 a). The Pt film is getting thicker with increase 
of coating time. For the 60s sputtering time case, some of buds were agglomerated on the NASICON, 
however, almost of Pt metal was maintained like film on the surface. Pt film covered the NASICON 






Figure 30. The charge / discharge curves of the coin cells. a) Pt agglomerated on the NASICON. b) 
Pt coated on carbon felt 
 
In order to analyze the positive effects of seeds shape of Pt, I fabricated the coin cell type of seawater 
batteries with pristine NASICON and Pt seeds attached NASICON. Fig 30 a is the voltage curves of 
seawater batteries comprised of pristine NASICON and Pt seeds agglomerated NASICON. The first 
three charge/discharge processes were conducted with Galvano-static current densities of 0.15mA/cm-
2. Current densities amplified to 0.375mA/cm-2 to quicken the electrochemical reactions.  
The voltage performances of pristine NASICON and Pt agglomerated NASICON were similar with 
at both current densities at 0.15mA/cm-2 and 0.375mA/cm-2. The similar performances mean there 
were no effective effects of the Pt seeds. The voltage difference ( V) of pristine NASICON at 
0.375mA/ cm-2 was 1.43V and that of Pt coated NASICON was 1.36V 
 
Furthermore, I coated the Pt film on the carbon felt and fabricated coin cells using pristine NASICON. 
The Pt coated surface of carbon felt faced to the NASICON solid electrolyte. The voltage difference 
( V) decreased by coating the Pt film on the carbon felt for 120s (Fig 30 b). While the delta V of 
seawater batteries used pristine carbon felt was 1.21V, that of Pt coated carbon felt for 120s was 
improved to 1.03V. The simple Pt coating on the carbon felt could give potential advantages to 
seawater batteries. The level of voltage increase at discharge was higher than that of decrease at 
charge. This result confirmed that Pt film was more effective on the ORR than OER in seawater 
batteries.
Since the adhesion force of Pt sputtered film was especially weaker on the oxide film due to low 
chemical reactivity48, Pt effect gradually decreased with stripping of the Pt. The carbon felt was 
heated with high temperature about 500oC for 5h at ambient environment. The oxide compounds were 
generated on the carbon felt surface with forms of hydroxyl and carboxyl group. This heat-treatment 
was very essential for high wettability with seawater. The voltage gap was getting increased with 
continuous cycles from 1.03V to 1.2V which was same voltage gap of pristine NASICON. There 






 The one of the biggest issues of seawater batteries is large voltage difference ( V) in charge / 
discharge process. Average charging voltage was about 4V and discharge voltage was 2.7V. The main 
issue of researches is to reduce the voltage gap using seawater circulation system, noble or non-noble 
metal catalysts and adjusting the pH value of seawater. 
 The purpose of this experiment was to decrease the voltage gap with simple coating method (not 
composite of raw materials). I simply sputtered the Pt metal and heat-treated the NASICON.  
Moreover, I coated the Pt on the carbon felt and observed the voltage curves. 
Pt seeds were successfully formed on the NASICON surface with heat treatment of 550oC 1h. I 
assembled the coin cells considering Pt coated side of NASICON. Without expectation, there were no 
voltage improvements with Pt seeds on the NASICON. But the voltage gap of charge / discharge was 
reduced to more than 0.2V by simply coating on the cathode current collector. The catalysts were 

















2.4. The observation of the NASICON degradation 
 
 A degradation analysis of components of batteries after complicated electrochemical reactions is 
critical key for the development of advanced materials of the next-generation rechargeable batteries. 
Many papers, articles and magazines49-54 have been published for the investigation of degradation 
mechanism of lithium/sodium ion batteries. Among the various reasons of degradation of LIBs /NIBs, 
the un-stability of organic electrolyte (Formation of Solid Electrolyte Interphase) has been considered 
as one of the most dominant degradation factors54. When we looked back the history of the 
development of LIBs/NIBs, the analysis of the electrolyte deterioration was critical for the evolution 
of advanced ion-batteries.  
In this part, the degradation of solid electrolyte (NASICON) was mainly analyzed after seawater 
batteries were charged / discharged. I tried to observe structural degradation of the NASICON after 
electrochemical reactions. In order to check the effects of the by-products (HCl or NaOH) or 
electrochemical process, each seawater battery cell was fully charged and discharged at different 






















2.4.1 Experimental section 
 
 The pH adjusted catholyte preparation 
The pH value of the seawater was regulated by dissolving the HCl. Some amount of hydrochloric 
acid (36.8%~38% solution, Daejung 9535-03) dissolved in the seawater during measurement of 
seawater with TS-100 pH meter (SUNTEX, TAIWAN) and pH sensor (Sensorex, USA). The pH 
values of seawater were pH5 and pH2.  
 
Electrochemical tests of seawater batteries 
A flow-cell tester (4TOONE Energy Corp. Ltd) continuously circulated the 200ml of seawater. 
Galvano-static electrochemical reactions were conducted with a SP-200 or VMP-3 (Biologic Science 
Instruments, French) battery tester equipment. The natural seawater was gathered at Ilsan beach, 
Ulsan, Korea and filtered with ceramics for physical impurities which are able to damage on the solid 
electrolyte. 
1. Harsh conditions for seawater batteries: The Galvano-static constant current was supplied to 
0.15mA/cm-2 for 5h and 2mA/cm-2 for 10 hours. The number of cycles with high current density 
was 5 times after 1 cycle with 0.15mA/cm-2. The reason of high current densities was to activate 
the electrochemical reactions and to generate by-products (HCl or NaOH) at carbon felt.  
2. The determination of degradation reason: To confirm that which process would degrade the 
surface of the NASICON, each of cells fully charged / discharged respectively. The current 
density was 2mA/cm-2 and supply time was for 15h. Furthermore, the discharge process was also 
conducted for 24 hours and 34 hours at 2mA/cm-2. 
3. Effects of current densities: The coin cells were charged at 0.5mA/cm-2 for 48h, 1mA/cm-2 for 
24h and 2mA/cm-2 for 12h in order to equalize the amount of reduced Na+ from seawater and 
check the effect of current densities. The 83.4mg of Na plating amount was calculated with this 
equation.  
4. Effects of the pH of catholyte: Using the pH adjusted seawater as a cathode, the coin cells were 
charged at 2mA/cm-2 until there was no more Na plating. The adjusted pH value of seawater was 
pH5 and pH2. The cut off voltage condition was 7V.  
5. The separation of the NASICON and carbon felt: To separate physically the NASICON and 
carbon felt, the plastic pliers gripped the carbon felt and sliced Ti mesh. The working electrode 
of SP-200 or VMP-3 equipment grabbed the Ti mesh. The plastic pliers grapping carbon felt and 
Ti mesh were immersed in the circulating seawater. The current densities of charge were 
2mA/cm-2 for 24h and 2mA/cm-2 for 12h, respectively.  
 Post processing for observation of NASICON cross section 
 The electrochemically reacted NASICON was dissembled with big nippers. The NASICON was 
detached from the open round cap by heating the upper cap. To observe the cross section of the 
NASICON, the NASICON was simply broken with tweezers or small nippers. The cross section of 
the NASICON was ion milled with IM-4000 plus (HITACHI, Japan) for 2 hours to be easily analyzed 
the SEM-EDS (Energy Dispersive Spectrometer) and SEM-BSE(Back Scattering Electron mode). 
 
The ion concentration measurement of immersing solution 
The seawater was characterized using the 700-ES Inductively Coupled Plasma – Optical Emission 
Spectroscopy (ICP-OES). 6ml of seawater in flow tester zig was sampled in vial at the end of the 




 2.4.2 Results and discussion. 
 
 I focused on that by-products (HCl & NaOH) would have an effect (degradation) on the surface of 
the NASICON when seawater batteries were charged or discharged. The seawater batteries were 
charged / discharged with harsh current densities of 2mA/cm-2 in order to observe the degradation of 
the NASICON.  
Figure 31. The voltage curves of seawater batteries operated at 0.15mA/cm-2 for 5 hours and 
2mA/cm-2 for 10 hours with 5 times. 
 The voltage of seawater batteries was 3.9V at 0.15mA/cm-2 during charge process and 2.75V at 
discharge process. Charge voltage was increased from 3.9V to 5.1V when high current density 
2mA/cm-2 was forced. Discharge voltage was decreased from 2.75V to 1.7V and there were additional 
voltage drops from 1.7V to 1.3V. The abrupt voltage reduction during discharge process should be 
revealed with supplementary experiments and analysis. 
 
Figure 32. The SEM images of the NASICON cross section. a) The seawater side of the cross 
section. b) The Na metal side. 
 
The coin cells were dissembled with nippers. The electrochemically charged / discharged NASICON 
was simply broken with tweezers. Fig 32 a b shows the cross section of cycled NASICON at seawater 
side and Na metal side respectively. There was un-known transformation with 140um of depth at 
seawater side. It seemed that the NASICON would be deteriorated. But there were no traces of 











Figure 33. The SEM images of the NASICON. a, b) The pristine NASICON cross section. c, d) 
Central part of the cycled NASICON. e, f) Seawater side of the cycled NASICON.  
 
Fig 33 represents the SEM images of pristine NASICON cross section (Fig 33 a b), central part of 
the cycled NASICON (Fig33 c d) and seawater side of the cycled NASICON (Fig33 e f). The 
morphology of central part of the cycled NASICON was similar with pristine NASICON cross 
section part. But, that of seawater side of the cycled NASICON was different with pristine NASICON 
and central part. 
 
 The 6ml of seawater in flow-circulator zig was measured with ICP-OES. As the charge / discharge 
process consumed the H2O and evaporation of water continuously happened in flow-zig, it was 
important to compensate the 6ml of D.I water to maintain the level of seawater in order to measure the 
correct ion concentrations of seawater. 
Figure 34. The ion concentration plots of seawater at the end of each process. 
 
 Fig 34 shows the concentrations of Na, Si and P ions in seawater at the end of charge / discharge. 
All values of ion concentration were adjusted with ion concentration of pristine seawater. The 
concentration of Na ions continuously decreased from 1-charged to 5-discharged process due to 
compensation of 6ml of D.I water. The seawater had been diluted by addition of D.I water. The Si+ 
ions and P+ ions tend to move opposite side during reactions.  
The concentration of silicon ions was increased during discharge process. Si ions was dissolved out 
from the NASICON to seawater during discharge. Silicon ions dissolved in seawater get back from 
the seawater to the NASICON during charge process.  
On the other hand, P ions moved from the seawater to the NASICON during discharge and from the 
NASICON to seawater during charge. The components of Zr couldn’t be measured with ICP-OES due 
to the in-solubility in the seawater. There should be movement of ions between the NASICON and 
seawater. 
 
To confirm that which process damaged on the surface of the NASICON, the coin cells of seawater 
battery were respectively charged and discharged at 2mA/cm-2 for 15 hours. 
Figure 35. The graph of voltage behavior when charging / discharging at 2mA/cm-2 
 
The voltages of each process were plotted (Fig 35). The coin cell only charged at with 2mA/cm-2 
showing the plateau of 4.7~4.8V. As the Na ions were fully plated from the seawater to Na metal, the 
charge no longer occurred. There was voltage jump at the end of charge process. The discharge 
voltage was 1.95V with over-potential due to high current densities. There was also abrupt voltage 
drop after 5 hours of discharge. 
 
 
Figure 36. The SEM images of NASICON seawater side cross section after electrochemical 
reactions. a b) After charging only. c d) After discharging only. 
 
Fig 36 presents the SEM images of NASICON cross section of seawater side. After only charging 
process for 15h, there was the degradation part with depth of around 80um at the seawater side (Fig 
36 a b). The Na ions were thickly plated on the Ni mesh (Fig 36 a inset). The morphology of 
degradation part was similar with seawater side of cycled NASICON (Fig 36 b and Fig 33 e).  
Fig 36 c d shows the cross section of the discharged NASICON for 15h at seawater side. There were 
no changes like Fig 36 a. The morphology was same with central part of the NASICON and pristine 
NASICON. As the Na metal was oxidized at discharge process, there was a little amount of Na metal. 
But the abrupt voltage drop didn’t result from the electrolysis of H2O because some of Na metal was 







Figure 37. The voltage curves of discharge process at 2mA/cm-2 for 24h and 34 h. 
 
 
Figure 38. The SEM images of the NASICON cross section after discharge process for 24h a) and 
34h b).  
 
 The additional experiments were conducted with only discharge process until there was no 
deposited Na metal. The coin cells were discharged for 24h and 34h (Fig 37). The NASICON cross 
section at seawater side was not changed (Fig 38 a b). Although the Na metal still remained on the Ni 
mesh after 24h discharged, the voltage was suddenly dropped after 5 hours. So, sudden voltage drop 
didn’t mean the electrolysis of H2O. When the Na metal was completely exhausted after a long time 




 There should be needs of additional experiments to discover the cause of the NASICON 
degradation during charge and abrupt voltage drop. I have done the further experiments to reveal the 
reason of degradation part by adjusting the current densities and pH of the seawater. 
Figure 39. The charge voltages of seawater batteries with different conditions  a) Depending on 
current densities; at 0.5mA/cm-2 for 48h, 1mA/cm-2 for 24h and 2mA/cm-2 for 12h. b) pH value of 
seawater; at pH8, pH5, pH2 seawater 
 
Fig 39 shows the charge voltage curves of the seawater batteries as a function of current densities 
and pH value of seawater.  
The higher voltages were needed for charging around 4.1V, 4.4V and 4.6V at high current densities 
0.5, 1, 2mA/cm-2 (fig 39 a). There were no voltage jumps due to enough space for deposited Na metal. 
All of the Na ions from the seawater were normally reduced on the Ni mesh. The all amounts of Na 
metal were same for each cell. 
There were general plateaus of charge when the seawater batteries were charged in pH8 seawater 
(Fig 39 b). But the charge plateau was getting shorter with decrease of pH value of seawater. There 












Figure 40. The SEM images of the NASICON cross section at seawater side. a, b, c) With different 
charge current densities. d, e, f) different pH value of seawater. 
 
The deterioration depth was getting deeper about 10um depending on the current densities 0.5, 1 and 
2mA/cm-2(fig 40 a b c). The degradation depth was proportional with current densities. But it was not 
critical factor to increase the depth of degradation. 
The depth of degradation seriously increased with the decrease of pH value of the seawater (Fig 40 d 
e f). The deterioration part was deeper from 37.5um to 50um when acidity was increased from pH8 to 
pH5. But the NASICON was dramatically degraded due to higher acidities from pH5 to pH2 showing 
severe degradation depth from 50um to 112.5um. As the depth of degradation was deeper with 
decrease of pH value of seawater, the charge process would be disturbed. Therefore, I could conclude 
that the degradation depth would be the obstacle of charge process and proportional with hydronium 
ions concentration in seawater. The critical factor of increase of the degradation might be the 
hydronium ions generated on the carbon felts than the current densities. 
 
 To examine the characteristics of the degradation parts, the cross section was ion-milled with high 
intensity of Ar ions and analyzed by the EDS mapping and BSE mode of SEM. 
 
 Figure 41. The SEM image and EDS mappings of ion-milled NASICON after charged. a) SEM 
image of SE mode. b-f) The EDS mapping of Na, Si, Zr, O, P ions.  
 
The degraded NASICON was analyzed with the EDS equipment of SEM after ion milled for 2 hours. 
Fig 41 a is the SEM image of SE (Secondary Electron) mode. The degradation part could be easily 
distinguished with different color on top of images. The boundary between the deterioration and non-
deterioration was located 15um inside from the NASICON surface.  
The Na ions concentration of the degradation part was lower than that of non-degradation part (fig 
41 b-f). the other ions (Si, Zr, O, P) were evenly distributed on the NASICON cross section in spite of 
charge process. 
 
Figure 42. a) The SE image of SEM at degradation. b) The EDS graph of the NASICON cross 
section. 1) The degradation part(red box). 2) Non-degradation part (blue box) 
 
 The EDS intensities of each ion could be plotted shown as graph in fig 42 b. The graph compares 
the relative intensities of each ion at degraded part and non-degraded part. The intensities of Na ions 
of degradation region were weaker than non-degradation region. The peak intensities of other ions 
were consistent with degradation and non-degradation part.  
 
What should be noted is the moving direction of the Na ions when charging process. The Na+ ions 
were transferred from degradation region when the seawater batteries were charged. The degradation 
part directly contacted with the seawater and could be the starting point of Na+ ions migration. 
Therefore, the decrease of the Na+ ions at degradation part should be more studied with many 
experiments and analysis. 
 
Figure 43. The SEM-BSE images of the degradation parts of the cycled NASICON. a) The BSE 
images of degradation and non-degradation parts. b) Degradation part. c) Non-degradation part. 
 
There were no new-generated or removed materials at degradation part. The comprising materials of 
the NASICON were not severely dissolved out from the NASICON. 
Although the grain boundaries of the NASICON were severely crannied (fig 43 b), there were not 
cracks of the grains of the NASICON at degradation region. On the other hand, at the central part 
(non-degradation part), the grain boundaries of the NASICON were not cracked by charge process. 
The morphology of this part looked similar with pristine NASICON as shown in fig 8. 
It could conclude that the grain boundaries of the NASICON were much weaker than the grain of the 
NASICO. The degradations didn’t mean the generation of new-materials from the seawater or 
extinction of materials comprising the NASICON during the charge process. The crack of the 
NASICON served as the resistance of Na transference. So, When the depth of the degradation were 
deeper, the charge process would not be easily done. 
 
Figure 44. a) The actual experiment image of separation with the NASICON and carbon felt. b) The 
voltage plots of charge process with detachment of the NASICON and carbon felt.  
 
The seawater batteries also could be charged with separation of the NASICON and carbon felt (Fig 
46 a). The Na ions was normally plated from the seawater to Na metal at 2mA/cm-2 for 12h and 









Figure 45. The SEM images of charged NASICON cross section at seawater side with separation of 
the NASICON and carbon felt. a) 1mA/cm-2 for 24h charged. b) 2mA/cm-2 for 12h charged. 
 
There was no degradation part when the seawater batteries charged by segregating of the NASICON 
and carbon felt (Fig 45). No matter the charge current densities were high and charging time was long, 
the NASICON was not degraded at the seawater side. As the NASICON and carbon felt were taken 
off each other, the generated HCl on the carbon felt would directly damage on the surface of the 
NASICON. The reason of degradation could also be the electrochemical complicated reactions of the 





















 A degradation analysis of components of the batteries is the key for the development of the next-
generation of rechargeable ions batteries. Among the many researches about the application of 
electrolyte in alkali ion batteries, however, studies about analyzing the electrolytes itself were much 
scarcer. Although Kim et al has succeeded to apply the ceramic solid electrolyte in rechargeable 
sodium ion batteries with the positive characteristics of solid electrolyte such as stabilities, selectivity, 
longer cycle life and non-flammability, they haven’t found out the degradation phenomenon of the 
solid electrolyte in electrochemical process.  
So, I analyzed the degradation phenomenon of the NASICON solid electrolyte when the seawater 
batteries were charged / discharged in harsh conditions. I tried to discover which process would 
damage on the surface of the NASICON and focus on the physical stability of the solid electrolyte by 
adjusting the current densities during charge, pH value of HCl dissolved seawater and separating the 
NASICON, carbon felt.  
 
I found out that the electrochemical process of the seawater batteries would damage to the 
NASICON. Although there was abrupt voltage drop when discharged after about 5 hours, it didn’t 
damage on the NASICON. Rather, the charge process had an effect on the NASICON surface. The 
movement of ions was different depending on the ions. Silicon ions were dissolved out from the 
NASICON to seawater when discharged. On the contrary, Phosphorous ions were dissolved out when 
the seawater batteries were charged.  
The depth of degradation formed at the seawater side was proportioned with current densities and 
acidity of the seawater. The more critical factor was the acidity of the seawater. When the NASICON 
was degraded with many cracks at the NASICON grain boundaries, the concentration of the Na+ was 
decreased. So, the further analysis of degradation part should be the main key for development of 











3. Si based membrane chips for In-situ TEM liquid cell. 
 
 3.1 Background 
 
  3.1.1 The needs of Silicon based membrane chips. 
 The TEM (Transmission Electron Microscopy) analysis has been the most powerful and 
indispensable tools for development or characterization of materials in chemical, physical and 
biological sciences55. The TEM have many advantages such as high spatial resolution, great 
sensitivities and comprehensive capabilities for systematic researches of compositions, phases and 
structures of materials.  
In recent decades, with the interesting characteristics of the TEM techniques, People has been 
adapted the many applications in TEM equipment. Scanning TEM has been developed to observe the  
atomic scale materials and to analyze the EDX (Energy Dispersive X-ray) and EELS (Electron 
Energy Loss Spectroscopy). The low-voltage electron microscopy has been applied in biological field 
with characteristics of SEM and STEM. In order to preserve the hydrated state and maintain the low 
temperature to minimize the damage of electrons, the Cryo-TEM was adapted in biologic studies to 
image the individual molecules.  
Among the many applications and expandability of TEM, environmental / In-situ TEM has been the 
most promising tools to analyze the physical or chemical changes of specimens in preferred 
environment. L.marton first suggested55,56 the environmental cell (E-cell) in 1935 that sealed the 
sample in the tip of TEM holder. They opened the possibilities of environmental system to analyze the 
very sensitive specimens in TEM high vacuum system. 
The early environmental TEM cell was consisted of an open chamber in the sample (fig 46 a). 
However, the accurate control of the liquid thickness was very difficult. The entire thickness of 
specimens and liquid should be less than 1um to achieve the high resolution57. In order to resolve 
problems of the open chamber types where the sample should embed in a liquid layer, various types 
of liquid cells developed and adapted with closed system (fig 46 b).  
 
Figure 46. the scheme57 of the early liquid cell a) and closed system b). 
 
Although the graphene shells have been developed to achieve close systems (fig 46 a), silicon nitride 
liquid cells have been still attractive (fig 46 b). The silicon nitride liquid cells were mechanically 
stronger than graphene shells, inert with most of liquid and lower imaging contrast55. Si3N4 could be 
easily fabricated with silicon wafer supported materials having high homogeneity, uniformity and 
adjustability of thickness of membrane. One of the most important things is to offer the chances of 
various experiments such as electric bias58, 59, flow type60, heating61,62 and cooling63.  
 
Figure 47. the scheme of liquid cell types. a) Graphene shell82. b) the Si membrane chips with Li 
metal anode and Si nanowire cathode83. 
 
Using those characteristics of Si3N4 membrane chips, there have been many efforts to use the Si 
membrane chips for battery systems. in situ environmental TEM has given many opportunities for 
monitoring the dynamic progresses of electrode materials. The observation of reactions between the 
organic electrolyte and cathode or anode could provide the deep understandings for development of 
advanced materials as shown fig 47 b59,64. Furthermore, the multi-function of TEM analysis also 
benefits with EELS, EDX and diffraction patterns analysis for identifying the structure. 
 
The characteristic analysis of solid electrolyte, the NASICON, was very important to achieve high 
performance of seawater batteries. As mentioned in chapter 2, I analyzed the NASICON properties 
with TEM equipment. However, it was not suitable to investigate the NASICON properties with 
conventional TEM in high vacuum system. As the NASICON operated in contact with seawater 
during electrochemical process, the liquid environment should be essential to inspect the features or 
degradation mechanism of the NASICON.  
So I fabricated the silicon based liquid cells for in situ TEM liquid analysis. I expected to monitor 
the degradation with the liquid close cells. As most of papers mentioned about minor phase 
dissolution of the NASICON36,65, in particular, the observation of the minor phase dissolution could 





























  3.1.2. The principle of fabrication 
 
In order to fabricate the reverse pyramid shape of liquid cells, there are needs for understanding of 
etching mechanisms of Si wafers. The strong alkaline solutions such as KOH, NaOH and TMAH 
reacted and made silicon dissolve in the solution. 
89 
The etching process anisotropically took place because the activation energies of Si wafer surface are 
different depending on the oriented direction of Si atoms. In particular, when the <100> oriented 
silicon wafer was etched, the shape of reverse pyramid would be achieved thanks to protection layers 
that protect the attack of base solution. 
 
Figure 48. the scheme of the etched silicon wafer oriented to (100) direction. 
 
 When (100) oriented Si wafer is etched in strong basic solutions, the reverse pyramid part of silicon 
wafer can be etched away to solution remaining the big / small groove at the center of opening area 
(Fig 48). The non-reactive layer protected the attack of base solution and layer-opened site reacts with 
solutions. For example, when rectangular non-protected area of silicon wafer ((100) oriented) is 
etched, the flat slopping sidewalls ((111) oriented) and flat bottom ((100) oriented) are created (fig 50 
a). The sidewalls have an angle to bottom flat with 54.7o. The etching rate at (111) sidewalls is able to 
be ignorable comparing with the etching rate of (100) plane (the ratio of etching rate (100) : 
(111)=17:167). So, the final groove shapes achieve. 
If the area of non-protection area was wide, the groove of etched site would be deeper. In order to 
make the shallow groove of V shape, the region of opening should be narrow. Etching process would 
be continued until the disappearance of flat bottom. So, by adjusting the size of opening site (non-
protection area by layer), we could freely make the trenches on the surface of silicon wafer. 
 
Figure 49. The Auto CAD program images of the photo mask for silicon wet etching. a) The entire 
photo masks b) each pattern for liquid cell fabrication. 
 
 The draft of photomask designed with Auto CAD program to apply in the photolithography process. 
The photomasks had 5 x 5 inches square shape and patterned what users want to lithograph on the 
silicon wafer of 4 inches (fig 49 a). There were hundreds of patterns on mask to make liquid cell 
pieces. The size of each piece is 2.6 x 2.6mm (fig 49 b). 
The protection layer should sufficiently open to remain only the silicon nitride thin films on the 
opposite of etching side. The opening protection layer was 0.942mm x 0.792mm to leave behind the 
0.2mm x 0.05mm rectangular shape of silicon nitride films at the opposite side. In figure 49, the white 












Figure 50. The AutoCAD designs for indium spacer. The length and breadth are 2.3mm x 2.3mm 
and wide is 0.15mm 
 
 For patterning of the indium spacer, the additional photo mask was need. The entire size of the 
mask for indium spacer (5 inches for 4inches wafer) was same with mask for Si wet etching (fig50 a). 
The indium spacer will be deposited on the patterned silicon nitride film with size of 2.3mm x 2.3mm 
length and breadth after photolithography process. The 0.15mm of each line width would serve as a 


















What should note are the each pieces edge of cell. Many papers expected68-71 that there was un-
expected side reactions at the convex corner when patterned silicon wafer was wet etched with KOH. 
The convex corners where two (111) planes were intersected into one plane is very susceptible to be 
etched by etchant. This vulnerable site resulted in the severe undercutting problems. Pal et al 
supposed that the reason of the undercutting was derived from plane direction of intersection of (111) 
planes. Intersection or tangent two planes was (110) plane. Since the convex corner was (110) planes, 
the etching rate of that plane is much higher than that of (111) planes (fig 65)71. 
Figure 51. The schemes of the three basic planes and convex corner planes. 
 
The undercutting side-reaction was influenced by the etching conditions such as the composition, 
temperature of etchant, etching time and etching depth70. There have been many researches to reduce 
the undercutting problem by adding the alcohol68,69,74, surfactants72,73 and patterning the additional 
compensation edges75-77. However, these methods could not basically remove the undercutting 










If there should be necessity of dicing saw process after wet etching of silicon wafer anyway, I could 
get rid of the convex corner in liquid cell patterns. 
 
Figure 52. The Auto CAD designs of liquid cell edges. a) The edge parts for generation of convex 
corner and etched results. b) The erased edge parts of convex corner and etched results. 
 
Fig52 shows the Auto CAD designs of the masks for generation and elimination of convex corner 
and etched results of silicon wafers. When the edge of pieces was exposed to etchant as shown fig 52 
a, the severe undercutting problems happened by dissolving the silicon wafers from edge into center 
side. The etched amount of silicon was different with the condition of etchants such as temperature, 
etching time as shown fig 52 a results. 
With a simple closure of edge site with Si3N4 on the photomask, there were no worries about the 
undercutting side-reactions anymore. Although the dicing saw process should be needed when edge of 
pieces was enclosed with silicon nitride, there was no need of the compensation parts by adding the 







 3.2 Fabrication procedures 
 
 The silicon membrane chips of liquid cells were comprised with two parts.  
Figure 53. The schematic of the silicon chips for encapsulation of liquid 
 
 Fig53 represents each of pieces for silicon membrane chips. The upper piece has a simple structure 
etched by strong basic solution such as TMAH (Tetra methyl ammonium hydroxide solution) or KOH 
(potassium hydroxide) that leaves only the thin film of silicon nitride. On the other hand, the bottom 
piece has all of characteristics of upper piece and spacer which should be chemically stable with 
liquid. The role of spacer is to assure the gap of upper and bottom piece for enough space of liquid 
and specimens.  
To fabricate the complete silicon membrane chips, upper and bottom piece had to be separately 
fabricated and aligned each other. 200um x 50um of silicon nitride window should be accurately 
aligned to transmit the electron beams of TEM through the window and liquid without blocking of 
bulk silicon. In order to prevent the leakage of liquid, the edge of liquid cell should be sealed with 
glue or epoxy. The sealing epoxy should have high adhesion with silicon wafer and make the liquid 
endure the pressure difference between the high vacuum environment and encapsulated state. The gap 
between silicon nitride windows of upper and bottom should be less than ~1um to achieve the high 








The upper pieces fabrication 
The 4 inches P-type silicon wafers (Oriented <100> direction) cut with 200um of thickness. The 
oriented direction of silicon wafers was (100). To fabricate the reverse pyramid shape accurately, 
double side of silicon wafers should be polished. All of treated silicon wafers were purchased in 
DASOM RMS corp. (Korea).  
 The 70nm thickness of silicon nitride was coated on both sides of 8 pieces of silicon wafers with 
KVL-206 LP-CVD (Low-Pressure Chemical Vapor Deposition) equipment at UNIST at once. The 
thickness of silicon nitride was measured with Elli-SE-UaM8 Ellipsometer (Ellipso Technology, 
korea) to confirm the uniformity of each wafer.  
The photolithography process was conducted. Positive photoresist (PR) of AZ5214 was spin-coated 
on silicon nitride film for 1min. PR coated wafer was pre-baked for 1min. The patterns were carved 
by exposing the UV light of MA6 aligner (Suss Microtec, Germany) and developing with AZ 300 
MIF developer on silicon nitride film. 
Patterned silicon wafer was exposed to high power plasma, Dielectric RIE (Top Technology Ltd. 
Korea). To etch away the silicon nitride on the wafer, there is a need of optimization works. By dry 
etching the silicon nitride film, the protection layer of patterned Si3N4 could be opened. Oxidized 
photoresist was stripped away by acetone or NMP washing.  
 The 25wt% of KOH etchant was prepared by dissolving the 50g of potassium hydroxide pellets >85% 
(Sigma Aldrich, P1767) in 150g of D.I water. The dissolution was high exothermic reactions. The 
patterned silicon wafer was immersed in 25wt% of KOH etchant for 10 hours at 65oC (wet etching). 
The evaporating dish covered on the top of small etchant tank to protect the evaporation of etchant by 
heat. As the temperature and concentration is the important factor with etching process, the etchant 
level and etching temperature should be stable. There was no need of heat in a water bath. As soon as 
the silicon wafer was completely etched away by basic solution, the Si wafer was cleaned with D.I 
water carefully.  
Patterned and etched Si wafer was diced by AR06DM (Aaron corp.). As the dicing line on silicon 
wafer was easily recognized due to the shallow groove, the dicing saw process was easily conducted. 
The size of each piece was 2.6mm x 2.6mm square shape. In order to detach the upper pieces from the 








 The bottom pieces fabrication 
The bottom pieces were made with same fabrication procedures of upper pieces before dicing saw. 
Patterned and etched Si wafer was photo-lithographed on Si3N4 window side. The photo mask for 
deposition of indium spacer was used as blocking layer of UV light in photolithography. PR would 
not be uniformly coated on the silicon wafer because there were some of broken windows during 
etching process.  
The indium metal was deposited on the photolithographed Si wafer with E-beam evaporator, WC-
4000 (Woosung hi-vac, Korea). The thickness of indium metal as spacer was 500nm and measured 
with surface profiler, P6 (KLA Tencor, California). The indium coated Si wafer was rinsed with 
acetone to strip PR (lift off process).  
Si wafer was diced by AR06DM equipment (Aaron corp.). As dicing tape was attached on the etched 
side of wafer, there were no worries about remains of soft films on the Si3N4 windows. Patterned 
























The liquid cell containers design. 
 After the fabrication of upper / bottom pieces of liquid cells, main three problems still remained.  
1. Silicon nitride windows of upper / bottom pieces should be aligned each other without blocking 
of non-etched Si parts. If windows were not straightly aligned, the E-beam of TEM couldn’t be 
penetrated through the liquid cells.  
2. The liquid cell assembly should be sealed with epoxy to endure the pressure difference between 
the external high vacuum and internal liquid state. If leakage of liquid happened in TEM 
equipment, liquid could be evaporated and damage the TEM high vacuum system. 
3. The fabricated liquid cells were too small to be applied with in-situ TEM holder directly. The 
size of liquid cell was 2.6mm x 2.6mm. So there was a need of the zig for liquid cell to hold the 
liquid cells on the TEM holder.  
 
In order to resolve these problems at once, the simple container was designed with AutoCAD and 
CATIA 3D program.  
Figure 54. a) Design of aluminum zig for holding the liquid cell. b) aluminum zig images. 
 
 I designed the simple container zig to align the Si3N4 windows and hold the small liquid cells to 
apply with in-situ TEM holder (Fig 56 a). The inner size of container was 2.6mm x 2.6mm to be 
easily aligned with each liquid cell without additional structure for aligning78,79. The bottom chip put 
on the container then upper chip was set on the bottom chips. To check the alignment of two windows, 
the Optical Microscopy, BX53M (OLYMPUS, Japan) was used. 
The liquid in cell could be easily sealed by painting and hardening the UV epoxy. The glue epoxy 
was pasted on the container with heating on hot plate at 150oC. The bottom chip put on the container 
and container-bottom chip assembly was cooled to be closured the bottom part. Specimen dispersed 
liquid was dropped on bottom chips and top piece covered the liquid. Some of leaked liquid was 
wiped off with tissue. The UV epoxy was pasted on the top of container-liquid cell assembly and 
hardened with UV light for 1min. The advanced plasma system, Gatan-960 (Gatan, USA), was used 
to check the sealing of liquid in 70m torr vacuum condition for 20min. The UV epoxy effectively 
prevent to evaporating the liquid in cell. 
The size of container was 4mm x 5.1mm. The zig containing liquid cell could be fixed on the in-situ 
TEM holder with high vacuum grease. It was stably sticky on the TEM holder. So it was expected that 





The TEM has been widely applied to analyze the characteristics of samples in physical, chemical, 
biological sciences. TEM has many advantages such as the highest magnification and resolution, great 
expandability with many high-tech applications. So, in recent decades, TEM has been developed with 
various forms of STEM, Cryo-TEM, in-situ/environmental TEM, Aberration corrected TEM. 
Among the many applications of TEM, environmental/in-situ TEM has been still attracted from 
1935 when the first environmental cell was fabricated. Since then, the scientific trends of preparation 
of preferred conditions in TEM have received attention from scientists. They have tried to observe the 
specimens in liquid or gas state with TEM equipment and design a various cells of closed system. 
Among the many types of closed cells for TEM analysis, Si based liquid cells have been interested 
with many advantages such as easy fabrication, physical and chemical stability, applicability of metal 
deposition on Si3N4 windows and feasibilities of various experiments. 
 
Using these characteristics of Si based liquid cell for in situ TEM analysis, I have tried to inspect the 
properties and degradation of the NASICON immersed in seawater and D.I water. As the NASICON 
directly immersed in the seawater during electrochemical reactions, TEM analysis in high vacuum 
system was not applicable for investigation of the NASICON.  
I successfully made the liquid cells based on Si wafer and designed the simple container zig to 
resolve three main problems such as alignment of windows, liquid leak and utilization for TEM 
holder. I hoped that the fabricated liquid cells and container could help to observe the degradation of 





 The hybrid Na-air batteries, the seawater batteries, fabricated with the solid electrolyte that is very 
important component for transferring the Na+ ions. The NASICON should have chemical & physical 
stabilities and high ionic conductivities serving as separator and electrolyte. Before applied in 
seawater batteries, the characteristics of the NASICON itself were studied with much analytical 
equipment. 
 As the solid electrolyte contacted with seawater and influenced by electrochemical processes, the 
seawater and D.I water immersed the NASICON pellets for a long time. The hydronium NASICON 
generated on the NASICON surface and minor phase was dissolving from the NASICON. The 
platinum noble metal was effective on the OER/ORR process that should be important factors to 
improve the performance of seawater batteries. The NASICON was degraded by electrochemical 
process, in particular, charge process generating the HCl. The concentration of hydronium ions in 
seawater impacted on the degradation of the NASICON. I fabricated the Si based liquid cell assembly 
to monitor the deterioration of the NASICON. 
 These studies suggested not only the new insights of the NASICON properties but also the structural 
degradation of the NASICON solid electrolyte. The analysis of the solid electrolyte and deterioration 
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